This paper explains the application of Proper Orthogonal Decomposition (POD), a statistical decomposition technique in the study of randomly fluctuating wind pressure fields acting on the surfaces of a gabled roof low rise building. POD identifies deterministic and systematic flow structures hidden in the random physical process. The POD modes thus obtained contain the most dominant structures of the flow, effectively representing the random wind pressure fields and reducing the complexity in interpreting them. The technique was applied on the pressure data of all the surfaces together and each surface individually. The flow field components in the dominant POD mode shapes have been identified.
Introduction
Wind loading is a random process and the effects induced by the wind loads acting on a structure are thus highly complex. Usually the study of wind induced effects is reserved for tall buildings and long bridges. During extreme wind events like cyclones, the major damage is however found to be on the low rise buildings, where the failure first initiates at the roof to wall connections. Thus the low rise buildings are critical in case of extreme wind events and are to be designed to withstand the effects induced due to the fluctuating wind field. In low rise buildings the complexity of wind effects is even higher due to the turbulences involved with lower elevations (Architectural Institute of Japan, 2006) .
Usually boundary layer wind tunnel testing is carried out on scaled models to determine the pressure induced in the surfaces of the buildings. The data set obtained from the boundary layer wind tunnel testing is huge. The entire data if used for studying the effect of wind on the buildings results in computational difficulties. Several statistical tools have been used to show that just a part of the data set is effective in representing the entire wind field. The present study aims at the application of a statistical technique called Proper Orthogonal Decomposition procedure on the wind pressure coefficient data on the surfaces of a gable roofed low rise building.
Proper Orthogonal Decomposition
Proper Orthogonal Decomposition (POD) represents a random process as a linear combination of deterministic structures called POD modes, modulated by uncorrelated random coefficients called Principal Components. A few terms of this series is usually capable of representing the entire process effectively. Also, the original process can be obtained easily from the terms of the series, making the technique versatile. The few terms of the series captured with a dominant energy measure can be stored and processed instead of the process itself, thus reducing the complexity of the analyses and the quantum of memory needed for storage (Chatterjee, 2000) .
POD represents a random process as a linear combination of the eigenvectors of the covariance function of the process itself, modulated by the eigenvalues of the same covariance function (Carassale, 2011) . If the random process is represented in a vector v, and the covariance function of the random vector is defined as C v , then the solution of Eq. (1) below yields the eigenvectors and the corresponding eigenvalues .
(1)
The eigenvalues represent the variances of the matrix and the eigenvectors represent the POD modes. The largest variance corresponds to the first POD mode, indicating the dominance and spread of the corresponding component. Similarly, the second largest variance corresponds to the second POD mode, and so on (Flores 2011 , Matsumoto et al., 2006 , Solari et al., 2005 . Therefore it is important that the eigenvectors have to be organized in the decreasing order of the eigenvalues, to determine their dominance.
Model and Test Parameters
The data for the analysis are excerpted from the Aerodynamic Database for Low-Rise Buildings from Pressure measurement studies conducted at the Boundary Layer Wind Tunnel, in the Tokyo Polytechnic University, Japan. The details of the model used for the study and the pertinent test parameters are as below.
The length scale was set at 1/100. With the velocity scale assumed at 1/3, the time scale can be estimated as 3/100. The suburban terrain corresponding to terrain category III in AIJ (Architectural Institute of Japan, 2004) was chosen as the tested wind field. This category has a mean wind velocity profile exponent of 0.20 and a gradient height of 450m. The model is of a gable roofed low-rise building, with a height to breadth ratio of 2/4 and a breadth to depth ratio of 2/5. The roof pitch is set at 9.4° ( 10°). The model dimensions are as follows: B = 160 mm; D = 400 mm; H0 = 80 mm; H = 84 mm; where, H0 is the eaves height, B is the breadth and D is the depth of the model. H is the mean roof height which was set as the reference height for the approach wind velocity. is the angle of incidence of the flow with the ridge line as the reference.
Fig. 1 Model parameters
Wind pressure measurement taps were distributed uniformly over the surfaces of the tested model, as shown in Fig. 2 . The spacing among the taps were 20mm corresponding to 2m in full scale. Synthetic resin tubes 80cm long and 1.2mm in internal diameter connected each tap with a pressure measurement scanivalve, which can measure the fluctuating wind pressures at 384 points nearly synchronously. In this test, the sampling frequency was 600 Hz and the sampling period was 15 seconds for each sample, corresponding to 18 Hz and 8 minutes 20 seconds in full scale. Each test case was sampled 10 times.
Fig. 2 Pressure tap locations

Analysis Procedure
A decomposition procedure was carried out on the pressure coefficient data on the six surfaces of the model both collectively and separately. The data for the wind flow at = 90° was considered for the analysis. The analysis was carried out in a MATLAB environment and the algorithm followed the procedure of Proper Orthogonal Decomposition (POD). The mean value was removed from the data and the covariance matrix is obtained and normalized. (Shlens, 2005) . Eigenvalue decomposition was applied on the normalized covariance matrix to obtain the eigenvalues and the corresponding eigenvectors. The eigenvalues were sorted in a descending order and the corresponding eigenvectors were relocated accordingly. Thus the eigenvectors were sorted based on their dominance. The Principal Components were calculated with the eigenvectors and the data matrix. From the Principal Components and the location details of each pressure sensor, contour plots of the mode shapes were developed under the MATLAB environment.
Results of the analysis
Energy measures here are defined as the proportion of the variances of the corresponding modes to the total variance of the process, i.e., the sum of variances of all the modes. Fig. 3 shows the energy measure distribution throughout the modes for all the surfaces and the cumulative energy measures for the first 4 dominant modes are distinguished in the figure. The POD procedure applied on all the surfaces together resulted in four modes contributing to a cumulative energy measure of 90 %.The first mode accounted for 85 % of the total energy measure was indicative of the predominant flow field acting on the surfaces.
Fig. 3 Modal energy distribution
The mode shape represents a positive pressure in the upwind wall and suction in the roofs and the downwind wall. The side walls are characterized with a suction followed by a pressure, indicative of the vortex flow in them. The first mode shape is presented in Fig. 4 . Higher modes were of less significance and hence were ignored from the present study. The mode shapes obtained from the analysis of the surfaces were similar to that observed by Tamura, et al., (1999). Significant differences were observed due to the presence of the gabled roof in the present study. Representative spatial distribution of surface pressure can be reconstructed using a linear combination of eigenvectors, modulated by eigenvalues using POD (Lakshmanan et al., 2007) . However, the effectiveness of POD depends on how the results are to be used during which significant pressure signals that occur intermittently can be missed (Khoa, et al., 2002) . The predominant modal shapes corresponding to each surface when analyzed individually were studied to identify the significant flow field components related to each surface. Figure 6 shows the first mode of the left side wall and was found to indicate an intense pressure at the point where the upwind wall and the side wall meet the upwind roof. The pressure field is observed to change in sign at the other end of the wall. This mode accounts for about 67 % of the total energy measure. Figure 7 shows the first mode of the upwind wall surface and it was identified to depict a pressure field with opposite signs at either ends. Figure 8 shows the dominant mode of the right side wall. The mode shapes were found to have similar distributions and shapes and the inferences for the mode shapes of the right side wall are similar to that of the left side wall. Figure 9 shows the dominant mode of the downwind wall and though the flow characters in the wake of the model are complex to visualize and understand, the concept of decomposition aids the interpretation. The first mode represented a positive pressure field in the middle and suction fields at either ends. This was found to be indicative of the flow around the trailing edges of the side walls. Fig. 9 Modal shape of the dominant POD mode of downwind wall surface Figure 10 represents the first mode of the upwind roof surface. It represents the uniform suction that is developed and accounts for about 60 % of the total energy measure. The edge where the upwind roof surface meets the upwind wall surface has an intense pressure field and this indicates that it is a weak zone. Figure 11 shows the first mode of the downwind roof surface and represents the uniform suction in the roof surface with an energy measure of about 63 %. The edge where the downwind roof surface meets with the upwind roof surface was found to have intense positive pressure and it was inferred that the roof to roof connection is a weak zone. It was observed that the modal shapes were similar in both cases of analysis in the side wall surfaces and the upwind wall surface. In the other surfaces, the analysis of the individual surfaces has brought a better understanding of the predominant flow field structure.
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Conclusions
The dominant flow field components had been identified and the dominant first mode of the collective analysis was found to be contributing to about 85 % of the total energy and the flow field components associated with the first mode is predominant in a gabled roof low rise building. The systematic structure hidden in the random fluctuating wind field has thus been determined and the corresponding physical processes have been identified.
Individual analyses on the surfaces separately, had yielded a set of dominant modes, similar to that of the collective analysis. However, the contribution of each mode to the total energy measure was observed to be different when compared with the modes of the collective analysis. A proper validation for the procedure had been performed to ensure the correctness of the analysis.
It has also been asserted that the pressure intensities are higher at the edges where the upwind wall meets the upwind roof and where the upwind roof meets the downwind roof. It has also been observed that the roofs, side walls and the downwind wall are predominantly in suction. Solari, G., Carassale, L. and Tubino, F. (2005) (2003) (2004) (2005) (2006) (2007) , "Introduction of the Database", Aerodynamic Database for low-rise buildings.
